Maladaptive peripheral arterial remodeling, which leads to large arteries with low shear stress, may be associated with increased cardiovascular risk. We tested the hypothesis that arterial enlargement in severe obesity represents maladaptive remodeling and that weight reduction would reverse this process. We evaluated brachial arterial diameter and flow using ultrasound in 244 severely obese patients (age 44 ± 11 years, 80% female, body mass index (BMI) 46 ± 9 kg/m) at baseline and in a group of 67 subjects who experienced weight loss at 1 year. Higher BMI was associated with larger brachial artery diameter (p = 0.01) and lower shear stress (p = 0.008), indicating maladaptive remodeling. Significant (≥ 10%) weight reduction was associated with a decrease in resting arterial diameter (-0.19 ± 0.47 mm, p = 0.02) along with a trend toward increased shear stress. Decreased systemic inflammation was associated with weight loss-induced reverse remodeling of the brachial artery. Our findings demonstrate the presence of maladaptive arterial remodeling in advanced obesity that was ameliorated by significant weight loss.
Introduction
Obesity is associated with a pro-atherogenic vascular phenotype, premature atherosclerosis, and increased cardiovascular risk that is linked to the degree of excess fat mass burden. 1, 2 Significant weight loss reverses metabolic dysfunction and lowers the rate of cardiovascular events, in part, by improving vascular health. 3 Arterial remodeling is an important mechanism for vascular adaptation in both normal and diseased states. 4 Arterial structure changes in response to sustained alterations in blood flow. 5 Experimental studies indicate that endothelial shear stress is the primary stimulus that initiates the remodeling process. 6, 7 Since vessel diameter relates inversely to shear stress, an adaptive increase in arterial dimension acts to conserve shear dynamics in the setting of increased flow. In contrast, maladaptive remodeling produces larger arteries with low shear stress, and chronic inflammation of the vascular wall may be associated with abnormal remodeling resulting in large arteries with reduced shear. 8 Vascular remodeling in atherosclerosis may have components that are both adaptive and maladaptive. Luminal expansion at the location of a coronary plaque may initially represent a protective response to maintain distal perfusion. 9 However, growing evidence suggests that arterial enlargement may become disproportionate in disease conditions associated with excess inflammatory activation, leading to areas of low shear stress thereby promoting atherothrombosis. 10 In this regard, inflammatory burden and plaque vulnerability have been linked to excessive vessel expansion in coronary histopathological studies. 11, 12 Maladaptive arterial remodeling may also occur in the peripheral circulation. Risk factors including obesity have been associated with larger brachial and carotid diameters. 13, 14 Larger brachial arterial size is a marker for increased cardiovascular risk emphasizing the potential clinical relevance of peripheral arterial enlargement. 15 We have shown previously that a number of cardiovascular risk factors including mild obesity are associated with adaptive changes. 16 It remains unclear whether arterial remodeling remains adaptive into severe ranges of obesity. In addition, the effect of long-term intervention such as weight loss on arterial remodeling is not defined. Thus, the purpose of the present study was to characterize determinants of arterial remodeling in advanced obesity and the effect of weight loss on arterial characteristics.
Methods

Subjects
We prospectively enrolled 244 consecutive obese patients, body mass index (BMI) > 30 kg/m 2 , age > 18 years, from the Boston Medical Center Nutrition and Weight Management Center. Patients were excluded if they presented with active medical conditions including unstable coronary ischemia, heart failure, systemic infection, malignancy, or pregnancy. Subjects consisted of individuals receiving comprehensive dietary, medical, behavioral, or surgical treatments designed to promote weight loss. At the baseline visit, subjects had clinical, laboratory and vascular function assessments before any weight loss intervention. We have previously reported the vasodilator responses to hyperemia (flow-mediated dilation) and nitroglycerin in 204 of the current 244 subjects. 17 Patients were offered to participate in a longitudinal study of vascular function. Of the 85 patients who completed 1 year of follow-up, 67 patients experienced weight loss. With the exception of LDL cholesterol level, there were no differences between the baseline clinical, metabolic or arterial characteristics of the overall study group and the 67 subjects who completed the 1-year longitudinal study. All subjects gave written, informed consent and the study was approved by the Boston Medical Center Institutional Review Board.
Vascular testing
Peripheral arterial structural parameters and flow were assessed using ultrasound imaging of the brachial artery in the fasting state as previously described. 18 Subjects did not take vasoactive medications for at least 12 hours prior to the vascular study. Longitudinal B-mode images of the brachial artery and Doppler flow signals were acquired in the resting state using high-resolution ultrasonography (Toshiba Powervision 6000). Brachial artery diameter was also imaged 3 minutes after the administration of sublingual nitroglycerin (0.4 mg), a potent vasodilator agent. We omitted the nitroglycerin portion of the study if the subject declined, had a migraine headache history, systolic blood pressure < 100 mmHg, a previous adverse reaction to nitrates, or used phosphodiesterase type-5 medications. All images were digitized and the brachial artery diameter was measured using commercially available software (Medical Imaging Applications, LLC, Coralville, IA, USA). 18 Baseline flow was expressed as flow velocity measured by Doppler ultrasound and as flow volume calculated from peak flow velocity and vessel cross-sectional area. 19 Brachial artery shear stress was calculated as 8 µV/diameter, where µ is blood viscosity (assumed to be 0.035 dyne/ sec/cm 2 ) and V is brachial velocity at baseline. 20 
Metabolic testing
At each visit, subjects had a clinical assessment including measurement of blood pressure, heart rate, height, and weight and a fasting blood sample was collected. Total cholesterol, HDL cholesterol, triglycerides and glucose were measured using enzymatic methods. LDL cholesterol was calculated using the Friedewald formula. Insulin was measured using immunochemiluminometric methodology. In the subjects who participated in the longitudinal study, high sensitivity C-reactive protein was measured by enzyme linked immunoassay.
Statistical analysis
Analyses were completed using SPSS for Windows, version 12.1 (SPSS Inc.). Values are reported as mean ± SD, unless otherwise indicated. We assessed the relation of arterial dimension with degree of obesity. Clinical, biochemical and vascular measures were compared across tertiles of BMI using analysis of variance (ANOVA) evaluating for linear trend or chi-square test, as appropriate. We evaluated the correlates of resting brachial diameter and post-nitroglycerin brachial diameter and selected the clinical covariates related to either diameter measurement to include in a stepwise model. We examined stepwise selection (with age and sex forced in) to create multivariable models, with the criterion p < 0.05 for a variable to enter and stay in the model.
In the subjects with weight loss at the 1-year follow-up, linear regression was used to examine the correlation between the change in weight and the change in resting and post-nitroglycerin arterial diameter. To evaluate the effect of changes in weight on arterial dimensions, we classified the patients into two groups based on the degree of weight change at 1 year: significant weight loss defined as ≥ 10% weight loss (n = 40) or modest weight loss defined as < 10% weight loss (n = 27). 21 The categorization using a cut point of 10% weight loss is consistent with guideline recommendations for initial target weight loss in obese adults. 22 Clinical, biochemical and vascular measures were compared at baseline across the weight change categories by t-test or chi-square test, as appropriate. Paired t-tests were used to compare biochemical and vascular measures at the 12 months with the baseline visit. In the subjects with significant weight loss, we examined stepwise selection including covariates that changed significantly with weight loss to create multivariable models for resting brachial diameter, with the criterion p < 0.05 for a variable to enter and stay in the model.
Results
Cross-sectional study: relations of obesity to arterial dimensions
For the 244 patients (mean age 44 ± 11 years, 80% female, 48% ethnic/racial minority) who completed a baseline study visit, the average BMI was 46 ± 9 kg/m 2 (range 30-86 kg/m 2 ), total body weight 127 ± 30 kg (69-272 kg). Clinical characteristics displayed by tertiles of BMI are shown in Table 1 . Subjects who were more obese were younger. Increasing obesity was associated with higher insulin levels.
As shown in Figure 1 , both resting and post-nitroglycerin arterial diameters were higher across the BMI categories. Resting and post-nitroglycerin arterial diameters were strongly associated with each other (r = 0.96, p < 0.0001). Additional brachial artery characteristics are displayed in Table 1 . Shear stress was lower with a greater degree of obesity (r = -0.159, p = 0.01). An increasing severity of obesity remained associated with lower shear stress when adjusting for age, sex, and systolic blood pressure (data not shown).
As displayed in Table 2 , in unadjusted analyses, greater age, male sex, higher BMI, hyperlipidemia, hypertension, and higher systolic blood pressure were associated with a higher resting arterial diameter. Increasing HDL cholesterol was associated with smaller resting arterial diameter. In unadjusted analyses, male sex, higher BMI, and hypertension were associated with a higher post-nitroglycerin arterial diameter (Table 2) . Higher total cholesterol, HDL cholesterol, and LDL cholesterol were associated with a smaller post-nitroglycerin arterial diameter.
Stepwise multivariable regression models for resting arterial diameter and post-nitroglycerin arterial diameter are shown in Table 3 . In addition to age and male sex, higher BMI was associated with a higher resting arterial diameter in these multivariable models. In addition to age, male sex, lower HDL cholesterol, and lower LDL cholesterol, higher BMI was associated with a higher post-nitroglycerin arterial diameter. To evaluate a potential contribution of statin use to the observed relations to arterial diameter, we performed additional models for resting and post-nitroglycerin diameter with statin use as a covariate. Statin use was not associated with resting (partial r = 0.032, p = 0.62) or post-nitroglycerin diameter (partial r = -0.063, p = 0.52).
Longitudinal study: effect of weight loss on arterial remodeling
Average weight loss over 1 year for this group was 24.5 ± 21.4 kg. At baseline, there were no significant differences in clinical, metabolic or arterial characteristics between the weight change groups ( Table 4 ). All the patients who underwent gastric bypass surgery experienced significant weight loss (n = 24). Significant weight loss defined as ≥ 10% was associated with decreased triglyceride levels, glucose, insulin and C-reactive protein levels (Table 4 ). As shown in Table 4 , subjects who had significant weight loss had a decrease in resting arterial diameter compared to baseline. Brachial artery blood flow did not change in these patients, and there was a trend for increased shear stress after 1 year of follow-up. The patients with only modest weight loss displayed no significant change in the brachial diameter, flow, or shear stress. As shown in Figure 2 , the changes in resting arterial diameter and in post-nitroglycerin diameter compared to the baseline visit were significantly different between the two weight change groups.
In the entire group, there was a significant correlation between weight loss and decreased resting arterial diameter (r = 0.399, p = 0.001) and decreased post-nitroglycerin arterial diameter change (r = 0.556, p = 0.002). In the subjects with significant weight loss, the relation between decrease in weight and decrease in resting arterial diameter persisted (r = 0.411, p = 0.008). In these subjects, the univariate correlates of resting artery diameter change among the metabolic parameters that changed with weight loss were: weight change (r = 0.411, p = 0.008), triglyceride change (r = 0.448, p = 0.005), insulin change (r = 0.398, p = 0.01), and C-reactive protein change (r = 0.592, p = 0.001). In a stepwise multivariable model selecting from these four covariates, the change in C-reactive protein was the only multivariable predictor of the change in resting artery diameter (partial r = 0.592, p = 0.001).
Discussion
In the present study of severely obese patients, we demonstrated expansive arterial remodeling with rising obesity when adjusting for clinical covariates. Larger arterial size was associated with lower shear stress, suggesting that maladaptive outward remodeling had occurred. In longitudinal follow-up, we observed that in subjects who lost > 10% initial body weight, these pathologic changes were reversed and correlated with reduced plasma C-reactive protein. Our findings suggest that structural arterial changes in severe obesity reflect a dysfunctional process that can be modulated by weight reduction strategies potentially through a decrease in systemic inflammation. Prior work has suggested that obesity leads to systemic arterial enlargement. In community-based studies, higher BMI has been related to larger arterial diameter in the periphery. 13, 23 Overweight and modestly obese patients have been shown to have greater peripheral arterial size compared to lean controls. 16, 24, 25 Since most of these prior studies examined structural changes in relatively mild degrees of obesity, the present study extends prior work by demonstrating that arterial enlargement continues into the extreme range of obesity. In addition, we demonstrated that the association between BMI and post-nitroglycerin arterial diameter persisted in multivariable models, providing evidence that the observed dimensional changes reflect structural remodeling and are not solely explained by fluctuations in vasomotor tone.
Growing evidence supports the notion that vascular morphology adapts to changing conditions in both healthy and diseased states. Adaptive remodeling facilitates coordination of blood flow with chronic tissue demands. A sustained increase in blood flow produces an increase in shear stress at the endothelial surface and arterial expansion in this setting tends to restore shear stress toward baseline level. 4 We recently observed such a response when the ulnar artery is exposed to a chronic increase in blood flow following radial artery harvest in patients undergoing coronary Mean ± SD. a p < 0.001, b p < 0.05, c p = 0.01, d p < 0.01, e p = 0.08 compared to baseline. hsCRP; high-sensitivity C-reactive protein. Figure 2 . Effect of weight loss on brachial artery diameter. The change in brachial diameter is shown for subjects with modest weight loss and significant weight loss (n = 27 and 40 for resting diameter and n = 11 and 18 for post-nitroglycerin diameter, respectively). As shown, the change in brachial diameter in both the resting and post-nitroglycerin states differed between the categories of weight loss (p = 0.02, p = 0.005 by repeated measures ANOVA, respectively). artery bypass surgery. 7 In the present study, the larger arteries observed in individuals with increasing obesity likely reflect, in part, a larger body size and higher tissue demands. While we did not directly measure arm volume, increasing arm size has been reported with increasing BMI. 26 Thus, the brachial artery could enlarge in a purely adaptive manner to accommodate an increased requirement for blood flow to supply more tissue in the arm.
However, our finding of lower shear stress in individuals with the highest BMI in severely obese patients suggests that the extent of expansive remodeling is disproportionate to tissue demands and implies maladaptive remodeling. This result differs from our prior study that showed no difference in shear stress in moderately obese individuals compared to normal weight individuals. 16 These apparently discrepant findings likely reflect differences in the study populations of the two studies. The present study included individuals with severe obesity (mean BMI 46 kg/m 2 ) while our prior study involved a cohort of normal and moderately obese individuals (mean BMI 28 kg/m 2 ). Studies in coronary arteries using intravascular ultrasound have demonstrated an association between regions of low shear stress and plaque progression. 8, 27, 28 Endothelial cells in culture display an atheroprotective phenotype when exposed to levels of shear stress > 15 dyne/cm 2 and become activated and pro-atherogenic when exposed to shear stress levels < 4 dyne/cm 2 . 29 We observed a mean shear stress of 16.4 dyne/cm 2 in the lowest BMI tertile and 13.6 dyne/cm 2 in the highest BMI tertile. The variability of shear stress across the cardiac cycle makes it difficult to determine whether the mean level of shear stress in the most severely obese subjects is sufficiently low to induce endothelial activation. Consistent with the notion that a larger peripheral artery size represents a clinically relevant pathologic process, a higher brachial diameter is associated with increased risk for the development of cardiovascular disease and events. 15, 30 Our findings indicate the presence of maladaptive remodeling in patients with severe obesity. Further studies are needed to determine whether adverse arterial structural changes contribute to the premature development of vascular disease in severe obesity.
In the longitudinal part of our study, we observed that weight reduction was associated with a parallel decrease in arterial diameter. Previous studies with weight loss interventions have not reported a significant change in brachial artery diameter. [31] [32] [33] Our findings may be explained by the longer follow-up period and the greater degree of weight loss experienced by many participants in the current study. Similarly, previous investigators have reported improvements in systemic inflammation and adipokines only with a 10% or greater reduction in body weight. 21 Consistent with prior studies, we did not observe a significant change in arterial dimensions in patients who had more modest degrees of weight loss. Importantly, we observed that significant weight loss was associated with a trend toward increased shear stress. If increased tissue demand was the sole explanation for larger arterial diameter in the more obese subjects, we would have expected blood flow to decrease and shear stress to remain relatively constant.
Thus, our findings suggest that interventions that produce significant weight loss reverse the pathologic remodeling and tend to restore shear stress levels. Taken together, our findings in subjects treated with weight loss intervention strengthen the pathophysiological link between severe obesity and a reversible process resulting in maladaptive arterial remodeling.
Our findings also support a connection between reduced inflammation and arterial remodeling during weight loss. In experimental studies, vessel inflammation is critical in initiating remodeling as flow alterations activate nuclear factor-κB leading to inflammatory cell infiltration and downstream changes in arterial artchitecture. 10, 34 In human coronary arteries, expansive remodeling occurs in regions with high levels of macrophage infiltration and in patients with higher C-reactive protein levels. 12, 35 In the present study, we observed that the change in C-reactive protein was a predictor of change in arterial size, after adjusting for change in weight, lipids, and insulin. These findings support the possibility that chronic inflammation in obesity contributes to adverse expansive arterial remodeling and that the remodeling process can be reversed with the lowering of inflammation induced by weight reduction.
Study limitations
The present study has several limitations. We measured artery diameters using ultrasound of the brachial artery. This technique permits assessment of luminal dimensions but not accurate arterial wall measurements. While prior studies in the coronary and carotid arteries have evaluated both lumen and wall thickness, this is less relevant in the non-atherosclerotic brachial artery. We determined shear stress based on a formula using assumed values for viscosity without measuring hematocrit levels or accounting for the pulsatility of arterial flow. Previous studies have suggested that this is a reasonable approach in the brachial artery. 20 We did not measure arm volume at baseline or with weight loss. It remains possible that inward remodeling that occurred with weight loss partly reflects adaptive remodeling to match reduced tissue demands. We observed an unexpected relation between higher LDL cholesterol and lower brachial diameter that was not fully explained by statin usage. Further studies would be needed to understand the effects of cholesterol on arterial remodeling. Our study has several strengths that counterbalance these limitations, including a wide range of levels of obesity, a diverse patient sample, and longitudinal observation with weight change.
Conclusions
In conclusion, the present study demonstrates the occurrence of expansive peripheral arterial remodeling in severe obesity that can be reversed by marked weight reduction. Advanced obesity was associated with lower arterial shear, suggesting a maladaptive vascular response that may play a role in abnormal flow dynamics, endothelial activation and pro-atherosclerotic mechanisms in obese individuals. In addition, favorable reverse remodeling with weight loss occurred in association with reduced C-reactive protein, supporting a role for proinflammatory mechanisms in the arterial remodeling process associated with obesity.
